To understand how Pif1 promotes BIR, we used an established system wherein only one end of a site-specific DSB has extensive homology to the donor sequence, so that most cells (\>80%) employ BIR for repair^[@R12]^. Following strand invasion, over 100 kb of the full length chromosome III donor is copied. Chromosomal markers provide a means to determine the frequency of BIR or alternative mechanisms by growth on selective media ([Fig. 1a](#F1){ref-type="fig"}). BIR was evaluated in *pif1*-m2 cells, wherein the mutant Pif1 protein is excluded from the nucleus but retains mitochondrial function,^[@R13]^ or in *pif1∆* cells.

Cells lacking Pif1 are BIR deficient and have a large increase in half crossover products ([Fig. 1b](#F1){ref-type="fig"}) with *pif1∆* showing a greater impairment, likely because the pif1-m2 protein retains residual nuclear activity^[@R13]^. The Pif1 helicase activity is indispensable for BIR as revealed by testing the helicase dead *pif1*-K264A mutant ([Fig. 1b](#F1){ref-type="fig"}). Southern blot analysis showed loss of the template chromosome in *pif1∆* consistent with an increase in half crossover products ([Fig. 1c](#F1){ref-type="fig"}, [Extended Data Fig. 1a](#F5){ref-type="fig"}). An examination of repair products from individual colonies revealed elevated gross chromosomal rearrangements and changes in template chromosome size, which likely stemmed from half crossovers ([Extended Data Fig. 2a-d](#F6){ref-type="fig"}). Pif1's role in BIR is general and highly specific, as BIR induced at a different locus is also Pif1-dependent ([Extended Data Fig. 3a-e](#F7){ref-type="fig"}) and elimination of other 5' -- 3' helicases, does not affect BIR ([Extended Data Fig. 1b](#F5){ref-type="fig"}). The BIR function of Pif1 is unrelated to its known role in telomerase inhibition, as the elimination of telomerase components does not suppress the BIR defect of *pif1*-m2 cells ([Extended Data Fig. 1c](#F5){ref-type="fig"}).

A similar deficiency in BIR with high levels of half crossovers was observed in *pol32∆* cells, which lacks the nonessential subunit of Polδ^[@R12]^ ([Extended Data Fig. 1b](#F5){ref-type="fig"}), implicating Pif1 in DNA synthesis. Consistent with this deduction, strand invasion occurs normally in *pif1*∆ cells ([Extended Data Fig. 4a-b](#F8){ref-type="fig"}), while DNA synthesis monitored by qPCR is decreased ([Fig. 1d](#F1){ref-type="fig"}). In ChIP analyses we found Pif1 enrichment at the DSB and along the template molecule further implicating Pif1's role in DNA synthesis ([Fig. 1e](#F1){ref-type="fig"}). This Pif1 enrichment is repair-specific, as it is compromised in mutants deficient in strand invasion or extensive DNA synthesis ([Extended Data Fig. 4c-d](#F8){ref-type="fig"}). Since Pif1 appears to affect DNA synthesis, we used ChIP to examine the initial recruitment of Polδ which is essential for BIR^[@R14]^, and other polymerases. Interestingly, only the recruitment of Polδ is decreased in *pif1*-m2 cells ([Fig. 1f](#F1){ref-type="fig"}).

Besides BIR, fully processive Polδ is needed for the crossover HR pathway and promotes long conversion tracts^[@R15]^. Importantly, Pif1 is also needed for both processes as monitored in ectopic or allelic gene conversion assays ([Fig. 2a-c](#F2){ref-type="fig"}; [Extended Data Fig. 1d](#F5){ref-type="fig"}). There is no change in cell viability or repair efficiency in *pif1*∆ cells, but the crossover frequency decreases by half, similar to *pol32*∆ cells ([Fig. 2c](#F2){ref-type="fig"}). Furthermore, the increase in crossover frequency caused by deleting the crossover suppressors Mph1 and Srs2^[@R16]^, ^[@R17]^ is also dependent on Pif1 and Pol32 ([Fig. 2b-c](#F2){ref-type="fig"}). Thus, Pif1 and Polδ are key players in crossover recombination. Indeed, the conditional depletion of Polδ but not other polymerases almost completely eliminates crossovers while slightly reducing noncrossovers ([Extended Data Fig. 1e](#F5){ref-type="fig"}).

We performed biochemical reconstitution to examine how Pif1 influences DNA synthesis in D-loops made by Rad51, RPA, and Rad54^[@R18]^, ^[@R19]^. According to a published procedure^[@R3]^, we loaded the polymerase clamp PCNA onto the primer end of the D-loop with RFC, then added Polδ with Pif1 ([Fig. 3a](#F3){ref-type="fig"}). Our Pif1, RFC, PCNA, and Polδ preparations had no detectible nuclease or topoisomerase contamination ([Extended Data Fig. 5a-b](#F9){ref-type="fig"}).

We first made the D-loop with a 5' ^32^P-labeled 90-mer oligonucleotide as the invading strand and pBluescript (2,961 bp) DNA as acceptor ([Fig. 3a](#F3){ref-type="fig"}). DNA synthesis by Polδ generated DNA species that migrated above the D-loop ([Fig. 3a](#F3){ref-type="fig"}, lanes 2 and 10). Importantly, the addition of Pif1 led to the appearance of DNA species that harbored a much larger amount of new synthesis ([Fig. 3a](#F3){ref-type="fig"}, lanes 3--5, 11--13). Interestingly, with Pif1 present, DNA species migrating above the substrate oligonucleotide but below the D-loop were observed (indicated by the asterisk in [Fig. 3a](#F3){ref-type="fig"}). Since Pif1 can disrupt the D-loop structure ([Extended Data Fig. 5c](#F9){ref-type="fig"}), these DNA species likely stemmed from the release of the extended invading strand.

The helicase activity of Pif1 is required for the stimulation of Polδ-mediated DNA synthesis, as revealed by analyzing the pif1 K264A mutant^[@R13]^, ^[@R20]^ ([Fig. 3a](#F3){ref-type="fig"}). Likewise, no DNA synthesis occurred if either Rad51 or Rad54 was absent or upon the omission of RFC, PCNA, or deoxynucleoside triphosphates ([Extended Data Fig. 5c](#F9){ref-type="fig"}). Efficient D-loop formation and optimal DNA synthesis require RPA ([Extended Data Fig. 5c](#F9){ref-type="fig"}), in concordance with previous observations that it promotes Rad51-mediated strand exchange^[@R19]^, ^[@R21]^ and DNA unwinding by Pif1^[@R22]^. Importantly, in the absence of Pif1, RPA was unable to promote extensive synthesis by itself ([Fig. 3](#F3){ref-type="fig"} and [Extended Data Fig. 5c](#F9){ref-type="fig"}), even when present in excess (data not shown). In addition, when either Rad51 or Rad54 was removed ([Extended Data Fig. 6a](#F10){ref-type="fig"}), or when Rad54 was heat-deactivated after D-loop formation ([Extended Data Fig. 6b](#F10){ref-type="fig"}), Pif1 was still able to stimulate DNA synthesis.

In another set of experiments, an unlabeled invading strand was extended with \[α-^32^P\]-dCTP present ([Fig. 3b](#F3){ref-type="fig"}). Two-dimensional gel electrophoresis ([Fig. 3c](#F3){ref-type="fig"})^[@R3]^, ^[@R23]^ showed that the extended DNA species made by Polδ harbored \~200--500 nucleotides ([Fig. 3c](#F3){ref-type="fig"}), whereas the products made by Polδ with Pif1 could reach a few thousand nucleotides ([Fig. 3c](#F3){ref-type="fig"}, [Extended Data Fig. 5d](#F9){ref-type="fig"}).

The effect of Pif1 is highly specific, as neither *S. cerevisiae* Rrm3 nor *E. coli* DinG, which possess 5'--3' helicase activity, could substitute for it. Likewise, no enhancement of Polδ-mediated DNA synthesis occurred with the 3' --5' *S. cerevisiae* Mph1 helicase ([Extended Data Fig. 7a](#F11){ref-type="fig"}). Moreover, Pif1 has no effect on *E. coli* DNA polymerase I Klenow fragment ([Extended Data Fig. 7b](#F11){ref-type="fig"}).

*S. cerevisiae* cells lacking the *POL32* gene are impaired for HR^[@R12]^, ^[@R14]^, ^[@R15]^, ^[@R24]^. The Pol32 protein interacts with PCNA and enhances the processivity of Polδ^[@R25]^. We observed a severely reduced level of DNA synthesis by Polδ\*, which lacks Pol32 ([Extended Data Fig. 8a](#F12){ref-type="fig"}), alone or in conjunction with Pif1 ([Extended Data Fig. 8c](#F12){ref-type="fig"}). Purified Pol32 interacts with Polδ\* ([Extended Data Fig. 8b](#F12){ref-type="fig"}) and its addition to Polδ\* led to an enhancement of DNA synthesis activity comparable to that of Polδ ([Extended Data Fig. 8c](#F12){ref-type="fig"}).

Extensive DNA synthesis in a covalently closed DNA molecule generates topological stress that would impede polymerase movement, yet, in our reconstituted system several kilobases of DNA can be synthesized without a topoisomerase ([Fig. 3c](#F3){ref-type="fig"}, [Extended Data Fig. 5d](#F9){ref-type="fig"}). In fact, while topoisomerase I enhanced DNA synthesis by Polδ alone ([Extended Data Fig. 9a](#F13){ref-type="fig"}, lanes 5 and 6)^[@R3]^, it had no stimulatory effect when Pif1 was present ([Extended Data Fig. 9a-b](#F13){ref-type="fig"}). Thus, Pif1-dependent DNA synthesis may entail concomitant dissociation of the newly synthesized DNA from the 5' side, a premise supported by our observation that Pif1 can efficiently dissociate the unmodified ([Extended Data Fig. 5c](#F9){ref-type="fig"}) and extended D-loops ([Fig. 3a](#F3){ref-type="fig"}).

We tested the hypothesis that Polδ-Pif1-mediated DNA synthesis occurs within a migrating D-loop. First, the extended D-loops were analyzed by restriction digests ([Fig 4a](#F4){ref-type="fig"}). If the extended invading strand were released, then a significant fraction of the D-loop would be resistant to the enzymes *Ahd*I and *Xmn*I, which incise at 115 and 714 nucleotides from the 5' terminus of the invading strand, respectively. D-loops were made with a 5' ^32^P-labeled invading strand and extended with unlabeled deoxynucleotides (see [Fig. 3a](#F3){ref-type="fig"}), followed by treatment with *Ahd*I or *Xmn*I and analysis in a denaturing gel ([Fig. 4a](#F4){ref-type="fig"}). The D-loop extended by Polδ alone could be cleaved quantitatively by *Ahd*I to produce a 115-nt DNA fragment (lanes 7 and 9), whereas the majority of the extended product made with Polδ-Pif1 was resistant. Little of the Polδ-extended D-loop was susceptible to *Xmn*I, consistent with the short Polδ-alone synthesis tract ([Fig. 3](#F3){ref-type="fig"}). A small fraction of the extended D-loop from the Polδ-Pif1 reaction was cleavable by *Xmn*I to generate the 714-nt fragment, indicative of DNA synthesis proceeding beyond the +714 site and of the fact that much the +714 site in the extended DNA existed as ssDNA ([Fig. 4a](#F4){ref-type="fig"}, lanes 13 and 15). Thus, in the Polδ-Pif1 reaction, Pif1 continually dissociates the extended strand from the D-loop. This "bubble migration" mode of DNA synthesis was previously suggested for a reconstituted bacteriophage T4 system that harbors the Dda helicase^[@R26]^.

We next examined the extended D-loops by electron microscopy (EM). We treated the D-loop products with the T4 gp32 protein to decorate the ssDNA region, followed by protein-DNA crosslinking with glutaraldehyde. The crosslinked nucleoprotein complexes were analyzed by EM with metal shadowing ^[@R27]^. [Figure 4b](#F4){ref-type="fig"} shows typical EM images of pBluescript DNA, unextended D-loop, D-loops extended by Polδ, and D-loops extended by Polδ-Pif1. This analysis clearly showed D-loop enlargement by Polδ and that the Polδ-extended invading strand remains hybridized to its complementary strand. Importantly, the inclusion of Pif1 generated a long ssDNA tail protruding from the D-loop ([Fig. 4b](#F4){ref-type="fig"}). Furthermore, we tested Pif1 for interaction with Polδ and PCNA in affinity pulldown reactions. Interestingly, the analysis revealed that Pif1 physically associates with PCNA but not with Polδ ([Extended Data Fig. 8d)](#F12){ref-type="fig"}.

We asked whether BIR in cells entails the formation of a canonical replication fork with the replicative helicase Mcm2-7 playing a crucial role. Several observations suggest that this is not the case. First, mutants deficient in structure-specific resolvases show only a mild BIR deficiency, suggesting that in BIR the D-loop does not need to be converted to a canonical replication fork ([Fig. 2d](#F2){ref-type="fig"}). Second, monitoring the association of RPA with the template chromosome using ChIP, revealed that extensive ssDNA is generated during template copying in a Pif1-dependent manner. We confirmed the presence of extensive ssDNA by applying qPCR after restriction digest of DNA synthesis intermediates ([Extended Data Fig. 10a-b](#F14){ref-type="fig"}). These results suggest that the first and complementary strands are synthesized asynchronously ([Fig. 2e](#F2){ref-type="fig"}). Finally, conditional depletion of Mcm4 or Psf2, components of the S-phase replication fork, leads to only a mild BIR deficiency ([Fig. 2f](#F2){ref-type="fig"} and [Extended Data Fig. 10c-e](#F14){ref-type="fig"}). Although we cannot exclude the possibility that in wild type (WT) cells there is a switch from Pif1 to Mcm2-7-mediated synthesis, we have provided clear evidence that Pif1 can support extensive DNA synthesis in the absence of the replicative helicase.

Our results provide evidence for repair-specific Pif1-dependent DNA synthesis via a migrating D-loop ([Fig. 4c](#F4){ref-type="fig"}) that can copy tens of kilo bases. Aside from BIR and telomere recombination, such a mechanism could function in gene conversion in fungi^[@R28]^ and can cause various genome rearrangements^[@R29]^, ^[@R30]^.

Methods summary {#S1}
===============

The strains listed Methods are derivatives of (i) tGI354 to study ectopic recombination (*hml::ADE1 MAT***a**-*inc hmr::ADE1 ade1 leu2-3,112 lys5 trp1::hisG ura3-52 ade3::GAL::HO arg5,6::HPH::MAT***a**) and (ii) AM1003 to study BIR (*MAT**a**-LEU2-tel/MATα-inc ade1 met13 ura3 leu2-3,112/leu2 thr4 lys5 hml::ADE1/hml::ADE3 hmr::HYG ade3::GAL-HO FS2::NAT/FS2*). The DSB was induced upon expression of the HO endonuclease by adding galactose to the media. Southern blotting and probes specific for either the broken or template chromosome were used to follow the kinetics of DSB repair and for the detailed analysis of individual repair products. Protein recruitment to DSBs was studied by ChIP followed by qPCR. Pif1 and other helicases, homologous recombination proteins, and DNA replication factors were expressed either in *E. coli* or yeast cells and purified by a multi-step procedure to near homogeneity in each case. For the DNA synthesis reaction, a D-loop is made using Rad51, RPA, and Rad54, followed by loading of PCNA with RFC onto the 3' end of the invading strand, and incubation with combinations of Pif1 or another helicase together with Polδ. Reaction products were analyzed by gel electrophoresis and phosphorimaging, or by electron microscopy with metal shadowing.

Methods {#S2}
=======

Media, strains and plasmids {#S3}
---------------------------

The plasmids pVS31 (*pif1-m2*), pSH380-*PIF1*, and pSH380-*pif1-K264A* were from Virginia Zakian. The *pif1*-m2 mutation was introduced into the genome as described^[@R13]^. For complementation tests, we amplified *PIF1* from pSH380-*PIF1* and introduced it into pRS316 to create pRS316-*PIF1*; *pif1-K264A* was created by subcloning the 0.7 kb *Afl*II/*Cla*I fragment from pSH380-*pif1-K264A* into pRS316-*PIF1*.

For HO induction, cells (*GAL10::HO*) from an overnight culture in YEPD (1% yeast extract, 2% peptone, 2% dextrose) were transferred to YEP-raffinose (1% yeast extract, 2% peptone, 2% raffinose) and incubated overnight. Galactose was added to 2% when the cell density reached \~1×10^7^ cells/ml.

To study ectopic recombination, allelic BIR, or ectopic BIR we used tGI354, AM1003, or JRL346 strains, respectively, or their derivatives. tGI354 *hml::ADE1 MAT**a**-inc hmr::ADE1 ade1 leu2-3,112 lys5 trp1::hisG ura3-52 ade3::GAL::HO arg5,6::HPH::MAT***a**^[@R16]^ and its derivatives: *pif1-m2* (yWH42); *pif1::KANMX* (yWH1217); *pol32::KANMX* (yWH80); *pif1-m2 pol32::KANMX* (yWH198); *pif1::KANMX pol32::URA3* (yWH1226); *mph1::KANMX* (tGI772)^[@R16]^, ^[@R17]^; *pif1-m2 mph1::KANMX* (yWH1043); *pol32::TRP1 mph1::KANMX* (yWH221); *srs2::LEU2* (tGI383) ^[@R16]^; *pif1-m2 srs2::LEU2* (yWH1072); *pol32::KANMX srs2::LEU2* (yWH1076); *pol2-16* (yWH1116); *pol3-14* (yWH1103); *rad30::KANMX* (yWH1222).

AM1003 *MAT**a**-LEU2-tel/MATa-inc ade1 met13 ura3 leu2-3,112/leu2 thr4 lys5 hml::ADE1/hml::ADE3 hmr::HYG ade3::GAL-HO FS2::NAT/FS2*^[@R12]^ and its derivatives: *trp1::hisG* (yWH422); *leu2::KANMX* (yWH271); *pho87::URA3* (yWH279); *pif1-m2* (yWH121); *pif1-m2+pRS316-PIF1* (yWH530); *pif1-m2+pRS316-pif1-K264A* (yWH531); *pol32::KANMX* (yWH321); *pif1-m2 pol32::KANMX* (yWH304); *pif1::KANMX* (yWH465); *rad51::KANMX* (yWH615); *rad54::KANMX* (yWH616); *exo1::TRP1 sgs1::KANMX* (yWH612); *pif1-m2 tlc1::LEU2* (yWH308); *pif1-m2 est2::KANMX* (yWH328); *hcs1::KANMX* (yAP427); *pif1-m2 pho87::URA3* (yWH298); *POL1-13Myc-TRP1* (yWH1176); *pif1-m2 POL1-13Myc-TRP1* (yWH1177); *POL2-13Myc-TRP1* (yWH499); *pif1-m2 POL2-13Myc-TRP1* (yWH501); *POL3-13Myc-TRP1* (yWH634); *pif1-m2 POL3-13Myc-TRP1* (yWH1110); *RAD30-13Myc-TRP1* (yWH1179); *pif1-m2 RAD30-13Myc-TRP1* (yWH1178); *pif1-m2 MCM7-3HA-TRP1* (yWH1056); *pif1-m2 pif1-m1-4Myc-TRP1 pol32::KANMX* (yWH971); *pif1-m2 pif1-m1-4Myc-TRP1 rad52::KANMX* (yWH1003); *ura3 ::URA3 thr4 ::THR4* (yMW 331); *pif11 ::KANMX* (yMW 335); *MAT**a**-LEU2::URA3-tel/MATa-inc* (yMW393); *CUP1::mcm4-td ::KANMX* (yMW412); *CUP1:: psf2-td ::KANMX* (yMW467).

JRL346 *mat**a*** ::HOcsDEL::*hisG ura3*DEL851 *trp1*DEL63 *sup53*DEL::*leu2*DEL ::*NATMX* hmlDEL ::hisG *hmr*DEL::*ADE3* *ade3* ::*GAL10* ::*HO* *can1,1*-1446 ::HOcs ::*HPH* ::DEL AVT2 *ykl215c* ::*LEU2* ::hisG ::*can1*DEL1-289^[@R14]^; and its derivative, *pif1 ::KANMX* (yGI272)

Pulsed-field gel electrophoresis (PFGE) and analysis of DSB repair products {#S4}
---------------------------------------------------------------------------

To analyze DSB repair kinetics and products in AM1003 derivative strains, chromosomal DNA plugs were prepared and separated as described ^[@R4]^, followed by Southern blotting and hybridization with probes specific for either *ADE1, ADE3, MCH4* or *MAT*^[@R4]^. Allelic BIR product formation was estimated as the percent of the initial uncut chromosome III. Percentage of the chromosome III template remaining during repair was measured as the normalized intensity of the band corresponding to chromosome III in each time point after break induction multiplied by 100 and divided by the intensity the band corresponding to chromosome III at time point "0".

Chromatin immunoprecipitation (ChIP) {#S5}
------------------------------------

ChIP analyses of DNA polymerases, Rad51, and Pif1 were performed and quantified as described^[@R31]^. The α-Myc (9E10) antibody was from Sigma (M4439). Anti-Rfa2 antibody was from Wolf-Dietrich Heyer ^[@R32]^ and anti-Rad51 antibody was from our laboratory stock ^[@R31]^, ^[@R33]^. Experiments were done at least three separate times and the t-test was used to establish the statistical significance of the results. The primers used for qPCR were: MATX-F2 -1kb, (5'-GGTAGGCGAGGACATTATCTATCA-3') and MATX-R3 -1kb, (5'-GAAGAATACCAGTTTATCTCGCATTCAAATC-3'); 5 kb RHO-F1 (5'-ATTCACTAACAATGGCTCTAGGAGTGGCG-3'), 5 kb RHO-R1 (5'-CTTGCGGATATCGTGCTACAAAATCAGTC-3'), 10 kb RHO-F1 (5'-TCTCTCCCTTTCAGCAGCTGCTCAGAG-3'), 10 kb RHO-R1 (5'-GAAGAAACACACATCCTCACACGCATATTC-3'), 30 kb RHO-F1 (5'-CTCTCATGGTTCGGACTTACTTAAAACACCC-3'), 30 kb RHO-R1 (5'-AATTCGTTGCGCTTGTGAGGACATCGG-3'), 67 kb (5'-GCTGCAGTTGCTAATAATCTG-3') and 67 kb (5'-CGGGAGGAGTGGAAGCC-3'). These primer pairs are for sites −1, +5, +10, +30 and +67 kb from the break.

Analysis of nonhomologous DNA tail removal {#S6}
------------------------------------------

To determine removal of the nonhomologous Ya tail as a measure of successful DNA strand invasion, we performed real-time PCR using genomic DNA and primers specific for the Ya tail (642 bp): MATX-F1 (5'-GTTGTTACACTCTCTGGTAACTTAGGTAAA-3') and MATYa-R2 (5'-CAATCTCAGTACCTAGAATGTTAAACAGAG-3') designated as P1 and P2 in [Extended Data Fig. 4b](#F8){ref-type="fig"}.

Initial DNA synthesis analysis {#S7}
------------------------------

To measure initial DNA synthesis in BIR, 2 ng of genomic DNA from different times after DSB induction was amplified by PCR with the primers: P1-BIR *URA3* (5'-ACCCGGGAATCTCGGTCGTAATGA-3') and P2-Z1 distal (P1 and P2 in [Fig. 1d](#F1){ref-type="fig"}; 5'-ATCCGTCACCACGTACTTCAGC-3'). As control, the *CHA1* gene on chromosome III was amplified.

Determination of DSB repair by BIR and other mechanisms {#S8}
-------------------------------------------------------

To quantify allelic BIR, we used a disomic strain with an extra, truncated copy of chromosome III wherein the arm 100 kb distal from *MAT***a** is replaced with *LEU2* followed by telomeric repeats^[@R12]^. In this assay, the chromosomes participating in repair are marked by either *LEU2*, *ADE1* or *ADE3* which allows determination of the repair pathway by growth on selective media ([Fig. 1a](#F1){ref-type="fig"})^[@R12]^. To avoid any contribution of Ty transposon repeats to repair, the nearest Ty1 repeats to the DSB were replaced with a *NAT* cassette. BIR leads to the loss of the *LEU2* marker. When repair fails, *ADE1*, *NAT* and *LEU2* markers are lost, and the colonies appear red due to an Ade1 deficiency. When cells repair the DSB by gene conversion using the short homology on the right side of the break all the markers are retained^[@R12]^. In rare cases in WT cells, part of the homologous template chromosome is lost due to a half crossover that eliminates the *ADE3* marker, and colonies are Ade^−^ and appear white.

The BIR assay was performed by plating on YEP-galactose medium and replica plating on Leu^−^, Ade^−^ dropout and NAT selective media. For each strain, at least one thousand colonies were scored. The frequencies of BIR, half crossovers, gene conversion and chromosome loss were estimated based on the percentage of colonies carrying markers specific for these repair outcomes, as described above ([Fig. 1a](#F1){ref-type="fig"}) and reported previously^[@R12]^. Pedigree analyses and individual product size analyses by CHEF confirmed repair by BIR in WT cells^[@R12]^. Since the repair by BIR occurs in G2/M cells two copies of each chromosome are present. Due to random segregation of chromosomes, half of the half crossovers (the major product in *pif1*∆ cells) segregate with an intact copy of the full-length chromosome III, and are genetically and structurally indistinguishable from BIR as confirmed by pedigree analysis^[@R12]^. Therefore, the number of Ade- white colonies scored on selective media as half crossovers represent only half of these events. To correct for this, the number of half crossovers (Ade-, white colonies) was multiplied by two, and consequently the number of BIR events was adjusted by subtracting the number of Ade-, white colonies. Second, upon analysis of the repair products by CHEF from Ade^+^ colonies that have lost the distal *NAT* marker ([Extended Data Fig. 2d](#F6){ref-type="fig"}), we found that about half of them carried a genomic rearrangement, while the other half of the products corresponded by size to BIR, where strand invasion occurred proximal to the *NAT* marker. Therefore, half of the NAT^S^ colonies were scored as gross chromosomal rearrangements and the other half as BIR events. The number of BIR events in *pif1*∆ mutants were still likely overestimated because about a third of the Ade^+^ NAT^R^ Leu^−^ colonies did not result from allelic BIR, but from a half crossover event associated with a stabilization of the part of template chromosome carrying the *ADE3* marker ([Extended Data Fig. 2b](#F6){ref-type="fig"}).

The percentage of cells that repair a DSB by ectopic BIR^[@R14]^ (BIR between two short homologous sequences located on heterologous chromosomes) was calculated as the number of canavanine sensitive (Can^S^) colonies ([Extended Data Fig. 3a](#F7){ref-type="fig"}) formed on YEPGal plates divided by the number of all colonies formed on YEPD plates, multiplied by 100. In this BIR assay, recombination between two truncated copies of the *CAN1* gene located on chromosome V and XI leads to the formation of an intact *CAN1* gene resulting in canavanine sensitivity. In *pif1*∆ cells the number of BIR events (\~1%) is likely overestimated because over half of the cells that form the full length *CAN1* gene during DSB repair do not complete repair ([Extended Data Fig. 3d](#F7){ref-type="fig"}). Additionally, some of the products that appear to be BIR can correspond to half crossovers that in this assay (haploid cells) cannot be scored (half crossovers that segregate with an intact template chromatid cannot be distinguished from BIR and the half crossovers that lose a large part of the template chromosome are inviable).

Measurements of crossover frequency, DSB repair, and viability in ectopic recombination assay {#S9}
---------------------------------------------------------------------------------------------

We determined the frequency of crossovers, viability and efficiency of the DSB repair as previously described^[@R16]^, ^[@R17]^.

Measurement of ssDNA formation by qPCR {#S10}
--------------------------------------

The ssDNA amount was measured as previously described^[@R34]^ 10 and 41 kb away from the DSB end and as a control on the chromosome V not participating in recombination. The primers used in this assay were: oMW 1082 10832bp-F (5'-CACTAAGTTCTTGGACAGGT);oMW 1083 10832bp-R (5'-AATACTGGTCATGAAGCCAC); oMW 1116 ChrV 41701bp-F (5'-GGCAGCCACCCTTATGGTGAGG); oMW 1117 ChrV 41701bp-R (5'-GGCCGCAAGGGCCAAGACAAGG); oMW1120 40890-F (5'-CCTTTCACCGTCTATGGGCC); oMW1121 40890-R (5'-CAATTCCTCATTTCCATCGG).

Measurement of conversion tracts {#S11}
--------------------------------

We employed an assay in which an HO break is generated within *LEU2* and is repaired by allelic recombination with *leu2*-R. In this assay, Leu^+^ colonies stem from short conversion tracts and Leu^−^ colonies from longer conversion tracts^[@R35]^. Cells were plated on YPE-Gal plates and then replica plated on medium lacking leucine.

Preparation of proteins {#S12}
-----------------------

Pif1 and pif1-K264: *PIF1* cDNA encoding the nuclear form of Pif1 (amino acid 40-859) was inserted in the pRSF-Duet-1 vector (Novagen) to add an N-terminal 6xHis tag. The K264A mutation was introduced by QuikChange mutagenesis (Agilent Technologies). Pif1 and pif1 K264A were expressed in *E. coli* Rosetta cells (Novagen), with induction by 0.1 mM isopropyl-1-thio β-D-galactopyranoside (IPTG) for 18 h at 16°C. The cell paste from a 10-L culture was resuspended and sonicated in 100 ml buffer A (20 mM K~2~HPO4, pH 7.5, 0.5 mM EDTA, 10% glycerol, 0.01% Igepal, 2 mM DTT) containing 100 mM KCl and protease inhibitors (aprotinin, chymostatin, leupeptin, and pepstatin A at 5 µg/ml each, 1 mM phenylmethylsulfonyl fluoride). The lysate was clarified by ultracentrifugation and loaded onto a Q Sepharose column (8-ml). The flow-through fraction was applied onto a SP-Sepharose column (8-ml) and fractionated with a 90-ml gradient of 150--660 mM KCl in buffer A. Fractions containing Pif1 were incubated with 2 ml Ni-NTA-agarose beads (Qiagen) and 10 mM imidazole for 2 h. After washing three times with 10 ml buffer A containing 1 M KCl, 1 mM ATP, 8 mM MgCl~2~, and 15 mM imidazole, the bound proteins were eluted with 20 ml buffer A containing 150 mM KCl and 200 mM imidazole. The protein pool was fractionated in Mono S (1-ml) with a 40-ml gradient of 150--600 mM KCl in buffer A. Pif1 was concentrated in an Ultracel-30K concentrator (Amicon) and stored at −80°C.

Polδ and Polδ\*: Polδ (FLAG-Pol3, GST-Pol31 and Pol32) and Polδ\* (FLAG-Pol3, GST-Pol31) were expressed in *S. cerevisiae* strain YRP654^[@R36]^. Cells from a 10-L culture were disrupted using a coffee grinder and resuspended in 100 ml buffer B (50 mM Tris HCl, pH 7.5, 10% sucrose, 1 mM EDTA, 175 mM (NH~4~)~2~SO~4~, 200 mM NaCl, 1 mM DTT, 0.01% Igepal, protease inhibitors as above). After ultracentrifugation, the lysate was treated with 0.277 g/ml of (NH~4~)~2~SO~4~. The precipitate was pelleted by centrifugation and dissolved in 100 ml buffer C (25 mM Tris HCl, pH 7.5, 0.5 mM EDTA, 10% glycerol, 0.01% Igepal,10 mM 2-mercaptoethanol and 200 mM KCl) and dialyzed against the same buffer. The protein was purified by affinity chromatography in glutathione Sepharose (GE Healthcare; 5-ml) and anti-FLAG M2 resin (Sigma; 2-ml). Protein was concentrated and stored at −80°C.

RFC: RFC (GST-RFC1, RFC2, RFC3, RFC4, RFC5) was expressed in *S. cerevisiae* strain YRP654 using pBJ1476 (2µ, *GAL-PGK-GST-RFC1/RFC4/RFC5, LEU-2d*) and pBJ1469 (2µ, *GAL-PGK-RFC2/RFC3, TRP1*) and purified from clarified cell lysate by (NH~4~)~2~SO~4~ precipitation and affinity purification using glutathione Sepharose as above.

Pol32: MBP-Pol32 (with MBP cleavable with TEV protease) was expressed in *E. coli* Rosetta cells harboring pMAL-*POL32* with induction by 1 mM IPTG for 4 h at 37°C. The cell paste from a 500-ml culture was resuspended in 50 ml buffer D (50 mM Tris-HCl, pH 7.5, 10% sucrose, 1 mM EDTA and protease inhibitors as above), sonicated, and clarified by ultracentrifugation. Nucleic acids were removed by adding 700-µl 10% polyethyleneimine (Baker) and centrifugation. MBP-Pol32 was purified by affinity chromatography with 6 ml Amylose resin (BioLabs) and fractionation in 1-ml Source S with a 30-ml gradient of 100--500 mM KCl in buffer E (25 mM Tris-HCl, pH 7.5, 10% glycerol, 0.5 mM EDTA, 0.01% Igepal, 1 mM 2-mercaptoethanol), and in a 1-ml Macrohydroxyapatite using a 30-ml gradient of 0--300 mM KH^2^PO^4^ in buffer E. MBP-Pol32 was concentrated and stored at --80°C.

Rrm3: DNA that harbors *RRM3-FLAG* was cloned into the pMAL-TEV vector (BioLabs) to add an N-terminal MBP tag. Expression was in *E. coli* Rosetta cells with induction by 0.1 mM IPTG for 24 h at 12 °C. The cell paste from a 3.3-L culture was resuspended and sonicated in 40 ml buffer F (25 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 10% glycerol, 0.01% NP-40, 1 mM DTT, 500 mM KCl, 0.2 mM ATP, 5 mM MgCl~2~, and protease inhibitors as above). The lysate was clarified by ultracentrifugation and treated with 0.277 g/ml of (NH~4~)~2~SO~4~. The protein precipitate was pelleted by centrifugation and dissolved in 30 ml buffer F. MBP-Rrm3 was purified by two-step affinity chromatography with Amylose resin (2-ml) and anti-FLAG M2 resin (0.7-ml). Rrm3 was concentrated and stored at −80°C.

Rad51, Rad54, RPA, PCNA, and Mph1 were purified as described elsewhere^[@R17]^, ^[@R23]^, ^[@R37]^. DinG was from Daniel Camerini-Otero.

D-loop extension {#S13}
----------------

The ^32^P-labeled 90-mer oligonucleotide (2.4 µM nucleotides), homologous to positions 1932-2021 of pBluescript DNA^[@R38]^, was incubated with Rad51 (800 nM) in buffer G (35 mM Tris-HCl, pH 7.5, 1 mM DTT, 7 mM MgCl~2~) containing 100 ng/µl BSA, 30 mM KCl, 2 mM ATP, an ATP-regenerating system (20 mM creatine phosphate, 30 ng/µl creatine kinase), and 100 µM each of the four dNTPs for 10 min at 37°C. This was followed by a 5-min incubation with RPA (400 nM) at 30°C, a 2 min-incubation with Rad54 (200 nM) at 23°C, and a 2-min incubation with pBluescript DNA (37 µM base pairs) at 30°C. For D-loop extension, the reaction was mixed with PCNA (200 nM) and RFC (200 nM) and incubated on ice for 2 min. Then, Polδ (100 nM) and Pif1 (13--40 nM) were added to the reaction, followed by an incubation at 15°C. Reaction mixtures were deproteinized with 0.5% SDS and 0.5 mg/ml proteinase K for 10 min at 37°C before being resolved in a native gel (0.8% agarose) in TAE buffer (40 mM Tris-acetate, pH 7.5, 0.5 mM EDTA), or in a denaturing gel (4% polyacrylamide, 7 M urea) in TBE buffer (90 mM Tris-HCl, pH 8.3, 90 mM boric acid, 2 mM EDTA), or in a 0.9% agarose gel in 50 mM NaOH, 1 mM EDTA ([Extended Data Fig. 5d](#F9){ref-type="fig"}). Dried gels were analyzed in a phosphorimager (BioRad).

For quantification of DNA synthesis in [Fig. 3b](#F3){ref-type="fig"}, D-loop extension was carried out as above, except that the invading strand was unlabeled and the reaction was supplemented with \[α-^32^P\]-dCTP (80 nCi/µl). The reaction products were resolved in a native gel and analyzed.

DNA extension from deproteinated D-loop {#S14}
---------------------------------------

The D-loop reaction (250 µl) was performed as above with the ^32^P-labeled 90-mer oligonucleotide. The reaction was deproteinized with SDS and proteinase K as above. After an extraction with phenol-chloroform-isoamyl alcohol (25:24:1), the buffer was exchanged with buffer H (35 mM Tris-HCl pH 7.5, 1 mM DTT, 9.3 mM MgCl2, and 30 mM KCl) using a Zebra Spin-desalting Column (Thermo Scientifi*c*). DNA synthesis reaction was carried out with the deproteinized D-loop (equivalent to 1.2 µM nucleotides of the ^32^P-labeled 90-mer oligonucleotide), with 2 mM ATP, the ATP-regenerating system, 100 ng/µl BSA and 100 µM each dNTPs, 200 nM RPA, 100 nM PCNA, 100 nM RFC, 50 nM Polδ, and 8, 16, 24 nM Pif1 with an 8-min incubation.

2-D gel electrophoresis {#S15}
-----------------------

Deproteinized reaction mixtures were run in a 0.8% agarose gel in TAE buffer. Then, lanes containing the radiolabeled species were excised and placed on top of a 0.9% agarose gel. Electrophoresis in the second dimension was done in 50 mM NaOH, 1 mM EDTA. A gel strip from the first dimension is shown above the 2-D gel.

Pulldown assay {#S16}
--------------

Pol32 and Polδ\*: MBP-Pol32 (5 µg) or TEV-protease treated MBP-Pol32 was incubated with Polδ\* (5 µg) in 20 µl buffer I (25 mM Tris-HCl, pH 7.5, 10% glycerol, 1mM DTT, 0.01% Igepal, 150 mM KCl) for 30 min on ice, then mixed with 10 µl glutathione Sepharose for 1 h at 4°C. The resin was washed four times with 100 µl buffer I, then eluted with 20 µl 2% SDS. The supernatant (S) containing unbound proteins, final wash (W), and SDS eluate (E), 10 µl each, were analyzed by SDS-PAGE and Coomassie Blue staining.

Pif1 and PCNA: 6xHis-Pif1 (3 µg) was incubated with PCNA (3 µg) in 30 µl buffer J (25 mM Tris-HCl, pH 7.5, 0.01% Igepal, 1 mM 2-mercaptoethanol, 100 mM KCl) containing 20 mM imidazole for 30 min at 4°C, then mixed with 6 µl Ni-NTA agarose for 1 h at 4°C. The resin was washed three times with 50 µl buffer J, then eluted with 20 µl 2% SDS and analyzed as above.

Pif1 and Polδ: Polδ (9 µg) with GST-Pol31 was incubated with Pif1 (3 µg) or PCNA (3 µg) in 30 µl buffer J for 30 min at 4°C then mixed with 12 µl gluthathione Sepharose for 1 h at 4°C. The resin was washed three times with 40-µl buffer J, then eluted with 25-µl 2% SDS and analyzed as above.

Restriction digests of extended D-loops {#S17}
---------------------------------------

Reactions (20 µl) were extracted with phenol-chloroform-isoamyl alcohol and DNA was precipitated with ethanol, which was dissolved in 10 µl buffer K (20 mM Tris-acetate, pH 7.9, 10 mM Mg-acetate, 50 mM K-acetate, 1 mM DTT, 100 ng/ml BSA) and incubated with *Ahd*I (0.25 U/μl) or *Xmn*I (1 U/μl) at 37 °C for 10 min. SDS was added to 0.5% and the DNA species were separated on a denaturing gel.

Electron Microscopy (EM) {#S18}
------------------------

DNA from 40 µl of reactions at a 16-min timepoint was dissolved in 20 µl buffer L (25 mM HEPES, pH 7.5, 10 mM MgCl~2~ and 50 mM KCl). T4 gp32 protein (NEB) was added to 1 µg/ml, and after a 10-min incubation at 25°C, crosslinking of protein to DNA was carried out using glutaraldehyde (0.6%) at 25°C for 5 min. DNA was purified in 2-ml 6% agarose beads (Agarose Bead Technologies) equilibrated with TE Buffer (10 mM Tris-HCl, pH 7.5 and 1 mM EDTA). The samples were adsorbed onto glow-charged thin carbon support in TE buffer containing 2.5 mM spermidine, dehydrated through a series of water/ethanol washes, and air dried^[@R27]^. The EM grids were shadowed by rotary tungsten coating at 1× 10^−7^ torr and examined in an FEI Tecnai 12 TEM at 40 kV. Images were captured using an Ultrascan400 scan CCD camera (Gatan Inc.). Adobe Photoshop was used to invert images.
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![Pif1 promotes DNA synthesis during BIR\
**a**. Schematic of the BIR assay. Products are distinguished by genetic markers. **b**. Repair outcomes in WT and indicated mutant cells. **c**. Quantification of Southern blot band intensities corresponding to the BIR product and template chromosome in WT and *pif1*∆ cells. **d**. Analysis of initial DNA synthesis by PCR. **e**. ChIP analysis of Pif1-13xMyc recruitment at the indicated loci. **f**. DSB recruitment of the indicated polymerases during BIR as measured by ChIP. Plotted are the mean values ±SD from at least three independent experiments.](nihms518346f1){#F1}

![Pif1 is important for crossover recombination\
**a**. Schematic of the ectopic recombination assay. **b**. Southern blot analysis of gene conversion with and without crossovers in the indicated strains. **c**. Quantification of crossover frequency in ectopic recombination. **d**. Repair outcomes in BIR assay in WT and the indicated mutant cells. **e**. ChIP analysis of RPA binding during BIR at the indicated loci. **f**. Quantification of BIR product formation upon conditional depletion of Psf2 or Mcm4. Plotted are the mean values ±SD from at least three independent experiments.](nihms518346f2){#F2}

![Pif1 promotes DNA extension at a D-loop\
**a**. Extension of ^32^P-labeled invading strand. Extension products by Polδ with Pif1 or pif1 K264A (13, 27, 40 nM) were analyzed in a native gel (upper) or denaturing gel (lower). Representative gels from three independent experiments are shown. **b**. Extension of unlabeled invading strand with \[α-^32^P\]-dCTP. Products were resolved in a native gel and quantified. Plotted are the mean values ±SD from three independent experiments. **c**. Products prepared as in lanes 1, 10, and 13 of panel **a** were subject to 2-D gel analysis.](nihms518346f3){#F3}

![Evidence for DNA synthesis in a migrating D-loop\
**a**. Biochemical analysis. Products were analyzed in a denaturing gel. A representative gel from three independent experiments is shown. **b**. EM analysis. Micrographs of plasmid (pBluescript) DNA, Rad51-made D-loop, extension products by Polδ and Polδ-Pif1. ssDNA was decorated with T4 gp32 and appears thicker than duplex DNA. Arrows indentify the D-loop. Scale bar: 100 nm. Representative micrographs from two experiments are shown. **c**. Model depicting the dual role of Pif1. In BIR and crossover HR, Pif1 promotes DNA synthesis by a functional interaction with Polδ-PCNA (this work), template strand separation^[@R10]^, and by displacing the newly synthesized strand (this work).](nihms518346f4){#F4}

![Analysis of BIR and conversion tracts in *pif1∆* mutants and crossover frequency in polymerases mutants\
**a**. Southern blot analysis of BIR product formation and template chromosome maintenance. Chromosomes were separated by PFGE and a DNA probe specific for either *ADE1* or *ADE3* was used. Quantification is shown in [Figure 1c](#F1){ref-type="fig"}. **b,c**. Analysis of DSB repair outcomes in the BIR assay of the indicated mutants. **d**. Schematic of allelic recombination between the *leu2* alleles (left). Longer conversion tracts associated with conversion of "R" leads to formation of Leu^−^ recombinants, while shorter conversion tracts lead to formation of Leu^+^ recombinants. Quantification of gene conversion events with shorter conversion tracts (Leu^+^) in WT and *pif1∆* cells. The difference between WT and *pif1∆* cells is statistically significant, p\<0.0001. **e**. Southern blot analysis of gene conversion with and without crossing over in the indicated strains using the ectopic recombination assay shown in [Figure 2a](#F2){ref-type="fig"}. Quantification of crossover product in the indicated mutants compared to WT that is set to 1.](nihms518346f5){#F5}

![Analysis of recombination products in Pif1 deficient cells\
**a**. Illustration of the half crossover pathway where the part of the template chromosome distal to the initial invasion site is fused to the broken chromosome, with the remainder of the template chromosome either becoming stabilized (examples shown in [Fig. 2b](#F2){ref-type="fig"}) or lost (as shown in [Fig. 2c](#F2){ref-type="fig"}). **b**. Analysis of recombination products from Ade^+^ NAT^R^ Leu^−^ colonies. Examples where rearrangements of the template chromosome are indicated by an asterisk. **c**. Analysis of half crossover recombination products from Ade^−^ NAT^R^ Leu^−^ colonies. **d**. Analysis of rare NAT^S^ Ade^+^ colonies.](nihms518346f6){#F6}

![Role of Pif1 in ectopic BIR\
**a**. Schematic of the ectopic BIR assay. **b**. Southern blot analysis of ectopic BIR kinetics in WT and *pif1*∆ cells. A probe specific for the *MCH2* gene located at the end of chromosome XI was used in the analysis. **c**. Quantification of ectopic BIR repair (Can^S^ colonies) in WT and *pif1∆* cells. **d-e**. CHEF analysis of rare products from canavanine sensitive colonies in *pif1*∆ (d) and WT cells (e). Examples where synthesis is initiated but not finished are indicated by an asterisk. In these cases, a functional *CAN1* gene is formed but synthesis is abandoned resulting in shorter products. Red circles indicate major rearrangement of chromosome V or template chromosome XI.](nihms518346f7){#F7}

![Analysis of Pif1's role in the initial steps of BIR and of Pif1 recruitment at the DSB and template\
**a-b**. Analysis of initial strand invasion in WT and *pif1∆* cells. a. Enrichment of Rad51 at the DSB site and template by ChIP analysis. b. Kinetics of removal of the non-homologous Y**a** tail by qPCR analysis in WT and *pif1-m2* strains compared to the control strains *rad51*∆ and *rad54*∆ that are defective in strand invasion. **c**. Enrichment of Pif1 at the DSB and template by ChIP analysis in WT, *pol32* and *rad52* cells. The regions amplified by qPCR are indicated. **d**. Control ChIP experiments in the *PIF1-13xMyc* strain where crosslinking was omitted and in a strain where the Myc tag was absent.](nihms518346f8){#F8}

![Quality analyses of proteins, protein requirements for DNA extension, effect on Pif1 on D-loop stability, and time course analysis of DNA extension\
**a**. Purified Pif1 and pif1-K264A were analyzed by SDS-PAGE and staining with Coomassie Blue. **b**. The plasmid DNA in all the lanes was pBluescript SK replicative form I (RFI). DNA synthesis reactions were performed with 13, 27, 40 nM Pif1 and the reaction mixtures (lanes 1--8) from the 8-min timepoint were incubated at 95°C for 2 min to disrupt the D-loop, followed by native gel electrophoresis and staining with ethidium bromide. Various other DNA forms (lane 9, plasmid DNA alone; lane 10, plasmid DNA linerized with *Xho*I; lane 11, plasmid DNA relaxed by calf thymus topoisomerase I; lane 12, plasmid DNA relaxed by *E. coli* topoisomerase I; lane 13, plasmid DNA digested with DNase I) are shown. **c**. DNA synthesis reactions by Polδ in conjunction with Pif1 (40 nM Pif1 and 8-min incubation) with the omission of one or more of the protein factors or dNTPs, as indicated. The reaction products were analyzed in a native gel (upper) or denaturing gel (lower). Note that a substantial portion of the D-loop was dissociated by Pif1 in the absence of PCNA, RFC, Polδ, or dNTPs (lanes 5, 7, 9, and 19). **d**. Time course of DNA synthesis by Polδ in conjunction with Pif1 (40 nM Pif1). The reaction products were analyzed in a native gel (upper) or a denaturing gel (lower).](nihms518346f9){#F9}

![Effect of Rad51 and/or Rad54 removal on DNA extension\
**a**. DNA synthesis from a deproteinized D-loop by Polδ in conjunction with Pif1 (8, 16, and 24 nM) was examined. Pif1 was at 24 nM in lane 6. The reaction products were analyzed in a native gel (left) or denaturing gel (right). **b**. After the D-loop reaction had proceeded for 2 min, Rad54, which is highly heat labile^[@R11]^, ^[@R12]^, was inactivated by incubation at 42°C for 20 min. DNA extension reaction and analysis were then performed by adding RPA, RFC, PCNA, Polδ and Pif1 (40 nM Pif1 and 8-min incubation). The reaction products were analyzed in a native gel (left) or denaturing gel (right). The inactivation of Rad54 was verified by examining the ATPase activity of Rad54, which decreased by \~95% compared to the unheated control (data not shown).](nihms518346f10){#F10}

![Specificity of Polδ-Pif1-mediated DNA extension\
**a**. DNA synthesis reactions were conducted with Polδ and Pif1, Mph1, Rrm3, or DinG (13, 27, 40, 120 nM). The reaction products from the 8-min timepoint were resolved in a native (upper) or denaturing gel (lower) (lane 1, no protein control; lane 2 D-loop formed by Rad51-Rad54, lanes 3-20, D-loop extended with Polδ and the indicated helicase). **b**. *E. coli* DNA polymerase I Klenow fragment (100 nM, from NEB) was tested for DNA extension with Pif1 (13, 27, 40 nM) with or without PCNA (200 nM) and RFC (200 nM). The reaction products from the 8-min timepoint were analyzed in a native gel.](nihms518346f11){#F11}

![Requirement for the Polδ subunit Pol32 in DNA extension, and interaction of Pif1 with PCNA\
Purified Polδ (FLAG-Pol3, GST-Pol31, Pol32), Polδ\* (FLAG-Pol3, GST-Pol31) and MBP-Pol32 were analyzed by SDS-PAGE and staining with Coomassie Blue. **b**. Pulldown assay to examine Pol32-Polδ\* interaction. **c**. DNA synthesis was performed with Polδ or Polδ\* (20 or 40 nM) with Pif1 (40 nM). In lanes 10--13, Polδ\* and Pol32 (125 nM) were preincubated on ice for 10 min before use. The reaction products from the 8-min timepoint were resolved in a native gel (left) or denaturing gel (right). **d**. Pulldown reactions of 6XHis-Pif1 and PCNA (left), Polδ (FLAG-Pol3, GST-Pol31, Pol32) and PCNA, Polδ and Pif1 (right).](nihms518346f12){#F12}

![Effect of topoisomerase I in DNA extension\
**a**. DNA synthesis products, initiated by Polδ for 4 min, and then continued with Pif1 (13, 27, 40 nM) with and without Topo I (0.4 U/µl) for 8 min. The reaction mixtures were resolved in a native gel (top) or denaturing gel (middle). Lanes 1 and 2 contained DNA substrates only and lanes 3-12 contained D-loop made by Rad51-Rad54. An overexposed image and the scan of lanes 5 and 6 to highlight the effect of topoisomerase when Pif1 was absent are shown (bottom). **b**. 2-D gel analysis of the extension products. The reaction products, prepared as in lanes 5, 6, 11 and 12 of panel **a**, were subject to 2-D gel analysis.](nihms518346f13){#F13}

![Measurement of ssDNA intermediates formed during BIR and analysis of BIR efficiency in the absence of Psf2 and Mcm4\
**a**. Schematic of the assay. **b**. Measurement of the relative increase of ssDNA at the indicated time after DSB induction compared to the amount of ssDNA in logarithmically growing cells (t=0). Measurement of ssDNA intermediate 10 and 40 kb from the site of strand invasion at the template chromosome and at a control locus on chromosome V which does not participate in recombination. **c**. An analysis of the growth of cells harboring temperature sensitive degron alleles of td-*mcm4* and td-*psf2*. Both strains are inviable at 37°C even without overexpression of the ubiquitin ligase Ubr1. **d**. Western blot analysis of td-Mcm4 and td-Psf2 protein degradation. **e**. Southern blot analysis of the BIR assay in cells with conditional depletion of td-Mcm4 or td-Psf2. Quantification of the Southern blots is shown in [Figure 2f](#F2){ref-type="fig"}.](nihms518346f14){#F14}
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